An effective in-service health monitoring system is needed for steam pipes to track through their wall the condensation of water in real-time at high temperatures. The system is required to measure the height of the condensed water inside the pipe while operating at temperatures that are as high as 250 o C. The system needs to be able to make time measurements while accounting for the effects of water flow and cavitation. For this purpose, ultrasonic waves were used to perform data acquisition of reflected signals in pulse-echo and via autocorrelation the data was processed to determine the water height. Transmitting and receiving the waves is done by piezoelectric transducers. There are transducers with Curie temperatures that are significantly higher than the required for this task offering the potential to sustain the conditions of the pipe over extended operation periods. This paper reports the progress of the current feasibility study that is intended to establish the foundations for such health monitoring systems.
INTRODUCTION
Steam pipes are used as part of the district heating system in such places as the city of Manhattan carrying steam from central power stations under the streets to heat, cool, or supply power to high rise buildings and businesses. Some businesses and facilities also use the delivered steam for cleaning and sterilization. In addition to providing space and water heating, the steam is used in numerous restaurants for food preparation, laundries and dry cleaners, as well as to power absorption chiller systems for air conditioning. The New York Steam Company began providing this service in lower Manhattan in 1882. Today, Con Edison (ConEd) is operating this system that has grown to become the largest commercial steam system in the world. ConEd now transmits about 14 million tons per year of steam through its pipe system. The steam flows at a relatively high speed and it can reach over 100 miles per hour. It is common to see the emission of vapors from manholes in Manhattan and it mostly caused by external water being boiled resulting from contact with a steam pipe and it does not necessarily represent a leak in the steam system.
One of the concerns to such a system is leaks or clogging of the system traps that are intended to prevent excessive pressure in the system. Other concern is the excitation of water hammer that may lead to serious consequences including damaged vents, traps, regulators and piping. The water hammer is caused by accumulation of condensed water that is trapped in a portion of horizontal steam pipes. The velocity of the steam flowing over the condensate causes ripples in the water creating buildup of turbulence and resulting in the water formation of a solid mass or slug that fills the pipe. The slug of the condensed water can travel at the speed of the steam striking the first elbow that is encountered in its path. The force can be comparable to a hammer blow and can be sufficiently large to break the back of the elbow.
A study is underway at JPL to develop a high temperature capability to monitor the height of the condensed water through the pipe wall right inside the manhole system. The system will use the heat to harvest thermoelectric power and will have communication electronics to transmit the data to a central monitoring system. The current phase of the study is on the feasibility demonstration of the health monitoring system and the establishment of the other elements of the required system. In this manuscript the part of the study that focused on the ultrasonic tests is reported.
THE TEST METHOD
From nondestructive evaluation (NDE) point of view, the key elements in developing of a health monitoring system for the steam pipes are the need for a method that can measure the height of the condensed water; extract the height data automatically for in-situ monitoring; conducted the measurements at temperatures as high as 250 o C; and obtain with reasonable accuracy the measurements while the water surface is disturbed simulating the effect of flow and potential water hammer conditions. Addressing the issues that are related to operation at high temperatures including materials science, electromechanics and other have taken advantage of the authors' in-house capability to perform tests at temperatures as high as 500 o C for potential mission to Venus [Bar-Cohen, 2003; Sherrit et al., 2004] . Making nondestructive measurement of the water height level inside a pipe through its wall without modifications to the pipe at the conditions of the manhole may be feasible only by an ultrasonic method. For this purpose, there is a need to be able to measure a parameter that is related to the height of the water with a reasonable accuracy and for this purpose three techniques were considered. The first two are the pulse-echo and the pitch-catch where the time-of-flight of the wave reflections inside the fluid is measured assuming the knowledge of the wave velocity in the condensed hot steam. The determination of the wave velocity may require a complex test setup that experimentally simulates the conditions of condensed water and provides knowledge of the water height inside the pipe. For first order, it is reasonable to assume that the speed of sound in water should be sufficiently close to the sound speed at the condensed high temperature condition. The pulse-echo and pitch-catch are techniques that involve emitting ultrasonic wave pulses from a piezoelectric transducer and receiving the echoes that are reflected from the top surface of the water. An illustration of the pulse-echo method using the reflections to determine the time-of-flight inside the condensed water is shown in Figure 1 . In the case of pulse-echo the same transducer is used as transmitter of the waves as well as the receiver, whereas two separate transducers are used in the case of pitch-catch. The transducers are placed side-by-side in an angle to the surface of the water that its level is being monitored. To obtain high resolution the transducers need to be broadband in frequency for obtaining sharp pulse shape in the time domain in order to have accurate time separation of the reflections. In the case of pulse-echo, the transducer is connected to both the transmitter (function generator), which sends high voltage signals to generate the elastic wave, and the receiver, which amplifies the attenuated reflected waves that are converted to electric signals. To avoid damage to the receiver the large signal from the generator is blocked from reaching the receiving circuitry by an electronic switching mechanism. Alternatively, in the pitch-catch arrangement, the pair of transducers is physically separated where one generates the waves and the reflected signals are received by the receiving transducer.
These two methods rely on measuring the time-of-flight from the wave reflections, where the pulse-echo provides larger range of ability to measure the height since there is no reliance on receiving reflection at a specific angle. However, numerous reflections are received and they require an effective signal processing technique to allow identify the reflections from the water top and bottom surfaces of the condensed water. Several issues that need to be accounted for including strong reflections from the interface of the steel pipe, the effect of the pipe curvature, and the water losses due to scattering from a non-flat surface of the flowing condensed water that potentially may have strongly disturbed surface and presence of cavitations and other bubbles inside the flowing water. Also, for measurements at low condensed water height there is an issue of interference of the multiple reflections within the pipe bottom wall; the pipe-transducer interface; turbulence in the condensed water; potential sediments in the bottom of the pipe inner surface along the path of the wave; and the multiple reflections inside the condensed water.
An alternative method that was also considered is based on measuring emitted shock waves from cavitations that potentially are formed in the condensed water inside the pipe assuming that the greater the condensation height the more implosions of cavitations occur. The shock waves may be detectable if they are sufficiently strong in amplitude and possibly occur outside the spectrum of noise that is expected from the street traffic and other mechanical activities that may generate underground sound. However, this approach is not a direct measurement and since it is based on an estimate it is less accurate. This method was not pursued since the pulse-echo tests were shown to be quite reasonably accurate.
The transducer
Ultrasonic transducers are generally limited in their upper temperature operation range by the Curie temperature of the piezoelectric that is used to generate the waves. In recent years, piezoelectric discs that can operate at temperature as high as 450 o C have been developed [Sherrit et al, 2004] and it was also known for years that such crystals as 36 o Y-cut LiNbO3 can reach even higher than 1000 o C. While LiNbO3 offers high temperature durability, its being a crystal makes fragile and its k33 constant of converting electrical to mechanical and the reverse effect have much lower efficiency than piezo-ceramic transducers. The new materials that were reported to have a high temperature capability [Bar-Cohen et al., 2010] include the commercial piezo-ceramics PZ46 (made by Ferroperm, Denmark) and piezoceramics based on Bismuth Titanate that is developed at Penn State University. The electromechanical properties of LiNbO3 crystals and the Bismuth Titanate with high Curie temperature are given in Table 1 . The issues associated with the fabrication of HT ultrasonic transducers involve making a backing material that provides both impedance matching, adhesion to the transducer and dampening of the multiple echoes that are generated and need to be eliminated to form a broadband signal for high resolution. For this study, efforts are currently underway to produce transducers that would have resonance frequency of 2.25 and 5.0 MHz. The test system that was used has the block diagram configuration that is shown in Figure 2 . In the current phase of the study, the wireless transmitter and receiver were not used and the focus was on the ability to transmit and receive sufficiently high signal amplitudes to allow reliable measurement of the simulated condensation level. For this purpose, a pipe that represents the steam system was produced as part of the testbed. A steel pipe made of A53B steel alloy was used having a 16 inch diameter and 3/8" wall thickness. Plumbing for water entry to fill the pipe and for draining were made and the side walls were made of Plexiglas for viewing the inside and to measure the water height. Various transducers with different diameters and transmission frequencies were mounted from the bottom of the pipe in a pulseecho configuration and were driven by a transmitter receive (Panametrics) and were aligned for maximum reflections using a miniature manipulator. A photograph of the testbed is shown in Figure 3 . 
SIGNAL PROCESSING
Various diameter transducers including .25, .5 and .75 inch with resonance frequencies in the range of 0.5 to 10.0 MHz were used to perform pulse-echo and the results were found quite effective in terms of the sensitivity, resolution and accuracy of the measurements. An example of the measured reflections pattern from the pipe with 1.0 inch water height is shown in Figure 4 . As can be seen, a significant number of reflections occur in the pipe wall (the first set of reflections) and it is compounded by reflections from the top surface of the water (the second set of reflections). This large number of reflections makes it difficult to base the determination of the height on simple time-of-flight data and therefore an auto-correction technique was used. The reflection signals were processed to obtain the autocorrelation function that is defined as:
Where: τ is the time separation variable and T is the sampling period.
An example of the auto-correlated function is shown in Figure 5 , were the time of flight was predicted via a predetermined searching window in the calculated auto-correlation function.
Water height measurement for levels of 1.0 to 5.0 inch was done and the accuracy was found quite reasonable having maximum difference of 6.0% (see Table 2 ). Some of the error is attributed to the inaccuracy of physical measurement of the water height based on visually measuring from the side wall of the tank. This can partially explain the reason for the larger error in the cases of the smaller height of the water. In the next step of the study, the tests will be extended to the range of height of 0.5 to 1.0 inch. The process of acquiring the time-of-flight data and the autocorrelation processing were done separately by manually uploading the data onto the computer using the downloaded data from the digital scope. To automate the data acquisition and analysis in order to obtain water height measurements directly by the computer using analogue signals from the data acquisition system, a Labview computer code was written. The program samples the data acquisition card saves the data to a file and, in parallel, it is processed by MatLab using the autocorrelation code. In the following step, the system will be used to investigate the ability to measure in real-time while the water surface is perturbed and while bubbles are formed along the wave path. This task is intended to test the accuracy of the readings/measurement under simulated conditions of cavitation and water flow. 
HIGH TEMPERATURE TESTS
Performing water condensation height measurements on pipes in realistic conditions is a step that is planned for a later phase of this reported study. In order to simulate the condition of 250 o C, a high temperature chamber was used. The chamber consists of an Ultra-Temp Standard Convection Industrial Oven Model 6680 Ultra Temp (made by Blue M). A HT testbed consisting of a section of the pipe was used to serve as a container (see Figure 6 left) and it was filled with safflower oil as a substitute to condensed water. Thus, ultrasonic tests can be performed at high temperatures while avoiding the need to deal with the hazards of high pressure. The tank and the test setting were examined by subjecting the HT testbed for 2 hours at 250 o C and it was confirmed that the container with the oil sustained the exposure with no damage that could occur due to thermal stresses in the structure or possible the boiling of the oil. In parallel to this effort, 2.25 and 5 MHz 0.5 inch diameter HT transducers were commercially ordered and upon receiving them they will be tested at the high temperature condition to confirm the ability to measure the height. The operation of the transducer in the field will require bonding it to the pipe to provide path continuity for the ultrasonic wave. In order to prepare for this requirement, three HT adhesives were tested including Devcon RTV Sealand consisting of Silite High Temp. Silicone (ITW Devcon), Loctite consisting of Superflex Red High Temp RTV (Henkel Loctite Corporation), and Thermalox High Temp Silicone Sealant consisting of 2655 Oxide Red (Dempney Company, Inc.). Bonded steel coupons were made and each bonded area was marked with 4 segments (see Figure 7) at which the bond was tested before and after the exposure. To determine the bond integrity, a pulse-echo test was done on unbonded and bonded steel coupons. A schematic view of the test setup and the reflections pattern are shown in Figure 8 . The boxed section on the reflection pattern is showing the ringing that results from multiple reflections inside the unbonded plate. The reflected ultrasonic signals were measured for the coupons after bonding and significant damping of the ringing has been observed when the sample bond integrity is sound (Figure 8 and Figure 9 ). While the tests of the three adhesives after exposure for 2.5 hours indicated no loss of the adhesion integrity, the results after further exposure up to another 6 hours showed the failure of the Loctite while the other two maintained bonding integrity. 
CONCLUSIONS
A study is underway to develop health monitoring system as a protective measure against potential failures in the aging New York City/Manhattan steam pipes. The focus of the reported study has been on the development and feasibility demonstration of an ultrasonic method of measuring the height of condensed water inside the pipes. In this phase, the focus was on the elements that are at low technology readiness level (TRL) and the required research and development efforts to establish the critical capabilities. Testbeds for performing measurements at room temperature and inside a chamber at 250 o C were developed. It was demonstrated that pulse-echo ultrasonic testing at room temperature provides an average accuracy of 3.3% in determining the water height thru the pipe wall. The height was measured in the range of 1.0 to 5.0 inches and at a later stage will be tested to as low as 0.5 inch. The test method is based on acquiring the reflections and performing autocorrelation analysis. The reported results were obtained from manually transferring the data from a digital scope to the computer for processing. Currently, this process is being automated for real-time determination to allow testing the effect of water surface disturbances and presence of bubbles to simulate the expected conditions inside the pipe in the field. For the operation at 250 o C, 2.25 and 5 MHZ, 0.5-inch diameter flat pulse-echo transducers were ordered and will be tested once they are delivered. In preparation for the operation in the field three types of adhesives (Devcon, Loctite, and Thermalox) were tested and while they sustained exposure to 250 o C for 2.5 hours the addition of 6 hours exposure led to the failure of the Loctite while the other two maintained integrity. For determining the bond integrity a pulse-echo method was used where the ringing due to unbonding served as the indicator. In the following phase of this study, two steps are planned including breadboard system development for testing in the lab and then in the field.
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